a b s t r a c t Type 1 diabetes (T1D) is a multigenic disease caused by T-cell mediated destruction of the insulin producing pancreatic islet β-cells. The earliest sign of islet autoimmunity in NOD mice, islet leukocytic infiltration or insulitis, is obvious at around 5 weeks of age. The molecular alterations that occur in T cells prior to insulitis and that may contribute to T1D development are poorly understood. Since CD4 T-cells are essential
Introduction
Type 1 (autoimmune) diabetes (T1D) is a multigenic disease that, in humans and NOD mice, results from T-cell mediated destruction of insulin producing beta cells in the pancreatic islets [ 1 -4 ] . Insulitis, the earliest sign of autoimmune pathology in the pancreas of NOD mice, in our colony becomes obvious at around 5 weeks of age, at which stage accumulation of leukocytes is observed around the pancreatic islets. This process progressively intensifies leading to T lymphocytic infiltration of the pancreatic islets and eventual massive destruction of the insulin producing beta cells with clinical disease occurring at 12 weeks of age or later. The molecular alterations that occur in T cells prior to insulitis and that may contribute to T1D pathogenesis are poorly understood.
It is well established that genetic predisposition is a major factor in the etiology of T1D. The major histocompatibility (MHC) class II molecule H2-A g7 in NOD mice (or HLA-DQ2 and -DQ8 in humans) is the strongest genetic determinant for T1D development [ 1 -4 ] . The MHC class II-restricted CD4 T-cells are essential for the development of autoimmune diabetes [ 2 , 5 ] . To this end, (1) CD4 T-cells from spleens of NOD mice are reactive to pancreatic beta cell antigens [ 6 ] ; (2) Spleen CD4 T-cells from NOD mice can transfer diabetes to young NOD and NOD. scid mice [ 7 , 8 ] ; (3) NOD mice lacking CD4 T-cells do not develop diabetes [ 9 ] . Reconstitution of these mice with NOD spleen CD4 T-cells leads to development of diabetes [ 5 , 10 ] ; and (4) transgenic NOD mice harboring CD4 T-cells with T cell receptor reactive to islet antigens develop insulitis and diabetes [ 8 ] . The chromosomal regions that modulate T1D susceptibility in NOD mice are designated insulindependent diabetes regions (Idd ). In conjunction with the MHC locus, which is required but alone insufficient for T1D development, over 20 non-MHC Idd loci also contribute to the disease process in NOD mice [ 3 , 4 , 11 -14 ] . Although, the identities of some of the non-MHC Idd genes that interactively contribute to the diabetogenic process in CD4 T-cells of NOD mice have been revealed [ 5 , 10 , 15 -19 ] , most of these genes and / or their interactions remain unknown.
The conventional approach in the field to understanding the pathogenesis of T1D has been mainly via targeted analysis at the individual gene or loci level. Identification of all the genes that together cause diabetes (a multigenic disease) via these approaches can be tortuous as each gene may only contribute weakly to the pathology. While these approaches have yielded useful information on how identified genes may interact with each other to confer disease susceptibility and / or protection, a whole cellular and / or molecular systems analysis (non-targeted approach) provides the opportunity to simultaneously interrogate the genes / pathways that are involved in the disease process [ 20 ] . A comprehensive understanding of these molecular interactions is important because it is now clear that the best targets for development of novel prevention and / or treatment interventions for complex trait diseases may not be the disease associated genes per se but rather their interaction partners, upstream regulators or downstream targets, or the molecular network [ 21 -24 ] . Thus, to gain insights into the molecular networks that might play a role in the diabetogenic activity of CD4 T-cells in the early induction phase of T1D, we evaluated the transcriptomes of untreated, whole CD4 T-cells collected from the spleens of NOD mice in the period prior to overt insulitis and inferred the associated altered molecular networks using a suite of complementary bioinformatics tools.
Materials and methods

Mice, sample collection and microarray procedures
Animal procedures were approved by the University of Tennessee (UT) Health Science Center and Veteran Affairs (VA) Medical Center Animal Care and Use Committee (Protocol Numbers: UT 1159 / VA 00157). Breeder mice were purchased from the Jackson Laboratory and housed at the VA animal facility. Spleen leukocytes were collected, as described previously [ 25 , 26 ] from female NOD mice at 2, 3 and 4 weeks of age (representing the period prior to overt insulitis) and from two matched control strains, NOR and C57BL / 6 (C57); n = 5 for each strain and age group, except NOD 2 week, where n = 4. CD4 Tcells were then negatively separated by magnetic beads according to the manufacturer ' s protocol (Miltenyi Biotec). Purity was assessed by flow cytometry using FITC-conjugated anti-mouse CD4 monoclonal antibodies (Becton Dickinson); only samples of > 90% purity were used in the study. Total RNA was extracted from untreated, whole CD4 T-cells, as described previously [ 26 , 27 ] . A total of 1-1.5 μg of total RNA was processed with Two-Cycle Target labeling protocol and hybridized on Affymetrix, Mouse430 2 expression arrays, according to the manufacturer ' s instructions. Normalization, scaling, and basic evaluation of the quality of the expression data from each chip were conducted using the GCOS software (Affymetrix), as described previously [ 25 , 26 ] . The microarray data sets are available in the gene expression omnibus repository [GSE46600]. Microarray results were validated by quantitative Real-time PCR, as described previously [ 25 ] ( Fig. S1 ) . Expression values were normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh). The target genes, primers and probes are listed in Table S1 .
Statistical analysis
Statistical analysis of the microarray data was conducted as previously described [ 25 , 26 ] . Filtration of the probe sets present on the chip array ( ∼60,000) identified ∼31,000 probe sets that had a present / marginal expression flag in at least one of the samples. We then performed one-way ANOVA (at various statistical stringencies) on the filtered probe sets for each age separately in order to define lists of age-specific genes that were differentially expressed between strains.
Lists generated at either p < 0.005 ("smaller" list) or p < 0.05 ("larger" list) adjusted with Benjamini-Hochberg multiple test correction (corresponding to a false discovery rate (FDR) of 0.5% or 5%, respectively) were used in further analysis. Finally, we conducted hierarchical clustering on these lists as previously described [ 27 ] to identify genes that were uniquely differentially expressed in NOD mice relative to both control strains. These genes are herein referred to as NOD altered genes.
Data mining analyses
We subjected the lists of NOD altered genes to data mining using a suite of modern bioinformatics tools. Enriched gene ontology (GO) categories and KEGGs pathways were determined using WebGestalt Gene Set Analysis Toolkit ( http: // bioinfo.vanderbilt . edu / webgestalt [ 28 ] ), as described previously [ 25 ] . To identify transcription regulators whose binding sites were significantly over-represented in the promoters of the NOD altered gene sets, we used the PRIMA (PRomoter Integration in Microarray Analysis) program of the EXPANDER suite (EXpression Analyzer and DisplayER; http: // acgt.cs.tau.ac.il / expander / overview.html ; Tel Aviv University, Israel). PRIMA achieves this by utilizing known models for transcription factor binding sites. Corresponding transcription regulators are considered to be candidate regulators of the corresponding set of genes. We used Ingenuity Pathway Analysis (IPA, http: // www.ingenuity.com ) as described in detail previously [ 25 ] to identify de novo molecular networks that are associated with the NOD altered genes.
Results
Genes differentially expressed in NOD CD4 T-cells at the preinsulitis stage of autoimmune diabetes
We compared the whole genome mRNA expression in CD4 T-cells from 2-, 3-, and 4-week old NOD mice to that of two matched control strains, NOR and C57BL / 6 (C57). NOR shares ∼88% of its genome with NOD mice, including the diabetogenic H2 g7 MHC haplotype and several important non-MHC T1D susceptibility loci [ 1 -4 , 29 ] . C57, on the other hand, is a more genetically distantly related strain to NOD. Yet, like C57, NOR is both insulitis-and diabetes-free.
We identified 362, 982, and 581 probe sets (genes) with highly significant expression differences between strains ( p < 0.005, Benjamini-Hochberg; FDR of 0.5%) at 2, 3, and 4 weeks, respectively. As expected, the majority of these genes had a similar pattern of expression in NOD and NOR compared to C57 ( Fig. 1 ) . The focus of our study was to identify genes in NOR mice whose expression was similar to that in C57 but different from that in NOD, i.e. genes differentially expressed in NOD relative to both NOR and C57, and herein referred to as NOD altered genes. These constitute prospective candidate genes for protection of NOR mice against diabetes. Thus, we identified a total of 58, 115, and 65 probe sets whose expression was altered in NOD at 2, 3 and 4 weeks, respectively, compared to both controls (clusters of lower or higher expression in NOD are indicated by arrows in Fig. 1 ). These represented 56, 107, and 60 different genes, respectively, shown in Tables 1 -4 . The great majority of these genes were of lower expression in NOD mice compared to controls: ∼70% at 2 weeks; ∼72% at 3 weeks; and ∼87% at 4 weeks. Twenty-five genes (72% of which was of lower expression in NOD mice) were common to all 3 ages. Results for qRT-PCR validation of eight genes are shown in Fig. S1 (3 of higher expression in NOD mice: protein tyrosine phosphatase 4a2 (Ptp4a2), biogenesis of organelles complex-1, subunit 6 (Bloc1s6, pallidin) and transmembrane protein 87A (Tmem87a); and 5 of lower expression in NOD mice: tripartite motif-containing 5 (Trim5), tripartite motif-containing 12A (Trim12a), Gatm (glycine amidinotransferase ( l -arginine:glycine amidinotransferase)), lymphocyte antigen 6 complex, locus C1 (Ly6c1), and receptor transporter protein 4 (Rtp4) compared to control mice Chr4 that also confers resistance to diabetes in NOR. This region has also been demonstrated previously by several groups to regulate the diabetogenic activity of CD4 T-cells [ 5 , 10 , 18 , 19 ] .
Gene ontology categories and KEGG pathways of the CD4 T-cell NOD altered genes
To gain further insights into the biological processes associated with the NOD altered genes, we performed Gene ontology (GO) and KEGG pathway analyses. Because GO analysis is better suited for larger gene lists, we also analyzed gene lists generated at a slightly lower statistical stringency. Analysis at p < 0.05, Benjamini-Hochberg (FDR of 5%) identified 134, 252, and 185 NOD altered genes at 2, 3, and 4 weeks, respectively ( Tables S2, S3 and S4 , respectively). The topmost ranked major biological process of these gene lists was metabolism ( Table 5 ) . Although common to all 3 ages, this functional category was most significantly enriched at 2 weeks. Several biological processes unique to 3 weeks were also identified, including biopolymer modification, localization and transport, and T cell activation. Under "molecular function", hydrolase activity and binding were the common top ranked categories. "Intracellular" was the most significantly enriched cellular component for all the 3 lists. Nucleus and cytoplasm / endoplasmic reticulum were uniquely enriched at 2 and 3 weeks, respectively. The immune system process ranked at the top of the biological process at 4 weeks in the analysis of the gene list generated at the higher stringency level ( p < 0.005, BenjaminiHochberg; FDR of 0.5). Findings of the GO analyses were consistent with those from our "manual" literature searches. We then performed KEGG pathway analysis to identify well characterized molecular pathways that were significantly over-represented in the gene lists of NOD altered genes. Results of the smaller and larger gene lists of NOD altered genes were similar; only those of the smaller lists are presented ( Table 6 ). Consistent with the GO analysis, the predominantly enriched category was metabolic pathways, which still was most highly significantly enriched at 2 weeks as compared to the other two ages. Five NOD altered genes common to all 3 ages were identified in these metabolic pathways: Enpp3 (ectonucleotide pyrophosphatase / phosphodiesterase 3), Ndufs5 (NADH dehydrogenase (ubiquinone) Fe −S protein 5), Galnt10 (UDP-N-acetyl-alpha-dgalactosamine:polypeptide N-acetylgalactosaminyltransferase 10), Prim2 (DNA primase, p58 subunit) and Gatm. These findings suggest that these genes may contribute to the metabolic abnormalities that affect the immune system and predispose NOD mice to autoimmune diabetes. Overall, these data suggest that CD4 T-cells from NOD mice already have a defect in metabolism (most prominent at 2 weeks), cellular activation and endoplasmic reticulum function (both evident at 3 weeks) and T-cell / immune response (evident at 3-4 weeks) at the preinsulitis stage.
Transcriptional regulatory pathways of the CD4 T-cell NOD altered genes
The 4 topmost significantly enriched transcription factor bindings sites ( Table 7 ) were for androgen receptor (Ar), significantly enriched at 2 and 4 weeks; Interferon regulatory factor 1 (Irf1), significantly enriched at all 3 ages; and Interferon regulatory factor 7 (Irf7) and Interferon sensitive response elements (ISRE) both significantly enriched at 3 and 4 weeks. ISRE are present in the promoters of interferon stimulated genes (ISGs), also known as antiviral or innate immune response genes. All 4 binding sites were most highly significantly enriched at 4 weeks. Interestingly, each putative transcription regulator correlated with a different set of NOD altered genes at the various stages it was significantly enriched, including both age-common and age-specific NOD altered genes. This suggests a dynamic (possibly coordinated) regulation of gene expression. The promoter analysis data suggest that expression of the NOD altered genes was significantly more likely to be regulated by Ar, Irf1, Irf7, and type I interferon than by other transcription regulators.
Ingenuity Pathway Networks of the CD4 T-cell NOD altered genes
In addition to the transcriptional regulatory pathway analysis, we performed Ingenuity pathway analysis (IPA; 17,18) to gain further insights into the genes / molecules that may play a role in regulating the expression of the NOD CD4 T-cell altered genes and / or molecular pathways. IPA analyses of the 3 "smaller" lists of NOD altered genes ( Tables 1 -4 ) generated several networks each. The major biological functions significantly represented by the networks included cell cycle, cellular growth / proliferation, and cell death at 2 weeks; molecular transport, cell-to-cell signaling and interaction, and immune system development and function at 3 weeks; and antiviral (innate immune) function and immune response at 4 weeks. The merged networks for each dataset clustered around several central genes ( Figs. 2 -4 ). To facilitate an objective comparison between networks and to gain further insights, we ranked the central genes according to the total number of connections linked to each one of them -the more the number of connections, the higher the rank. The top 15 central genes and their directly linked focus genes are shown in Table 8 . This analysis revealed that seven central genes were common to all 3 ages, including transcription factors, hepatic 
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were differentially expressed at all 3 ages, 2, 3 and 4 weeks.
Table 2
Genes differentially expressed in CD4 T-cells from 3 week-old NOD mice (continued in Table 3 ). Genes highlighted in bold font were differentially expressed at all 3 ages, 2, 3 and 4 weeks. nuclear factor 4, alpha (Hnf4a) and transformation related protein 53 (Trp53); anti-apoptotic factor, BCL2-like 1 (Bcl2l1); cytokines, interferon gamma (Ifng), interleukin 4 (Il4) and interleukin 15 (IL15); and the pro-inflammatory factor, prostaglandin E2. The pro-inflammatory cytokine, interleukin 6 (Il6) was common to ages 2 and 4 weeks. Other genes were unique to the respective age groups, e.g. to 2 weeks: transcription factors, myelocytomatosis oncogene (Myc), Jun oncogene (Jun), and amyloid beta (A4) precursor protein (App); to 3 weeks: the pro-inflammatory cytokine, tumor necrosis factor (Tnf), the antiinflammatory cytokine, Tgfb1 (transforming growth factor, beta 1), and cell signaling molecules NF κB, ERK, p38MAPK, and insulin-like growth factor 1 (Igf1); and to 4 weeks: cytokines, interferon alpha and IL12 (interleukin 12), the transcription factor signal transducer and activator of transcription 4 (Stat4), and Rous sarcoma oncogene (Src). Interestingly, the central genes Bcl2l1 and Src are also located within Idd13 . The biological processes associated with the central genes that were common to all 3 ages included apoptosis / cellular proliferation, Th1-Th2 balance, cytokine signaling, and inflammation. Those associated with the age-specific central genes included apoptosis / cell proliferation (at 2 weeks), cell signaling / cellular activation and inflammation (at 3 weeks), and innate immunity / link to adaptive immune response (at 4 weeks). Similar to the promoter analysis, each of the common central genes was connected to a different set of focus genes at the various ages, consisting of both age-common and agespecific genes, again suggesting a dynamic coordinated regulation of the molecular processes over time. These data suggest that abnormalities in apoptosis / cellular proliferation predominate at 2 weeks of age, while those in cell signaling / cellular activation and inflammation predominate at 3 weeks of age. Abnormalities in the innate immune response and its link to adaptive immunity predominate at 4 weeks of age.
Discussion
Type 1 diabetes is a multigenic disease whose study would benefit from a non-targeted approach to simultaneously identify the genes / pathways that are involved in the disease process [ 20 ] . Here, we employed a novel 3-way analysis where NOD was compared to two diabetes-resistant strains, C57BL / 6 and NOR. Comparison with NOR mice (a strain that is ∼88% identical to NOD mice, including sharing the diabetogenic H2 g7 MHC haplotype) afforded us the ability to identify gene expression changes (and their associated molecular networks) that might contribute to T1D susceptibility in NOD or, conversely, resistance in NOR mice in the context of a permissive MHC haplotype. This study confirmed as well as advanced our recently published studies on unfractionated spleen leukocytes [ 25 ] in that, in addition to using the NOR control strain, we focused on a specific leukocyte subset (CD4 T-cells) and included an additional time point (3 weeks of age), all of which allowed us to identify novel altered pathways. NOR mice remain diabetes-free due to resistance alleles within the ∼12% portion of their genome derived from BKs [ 4 , 17 , 29 , 30 ] . These BKs-derived genomic regions are present on chromosomes 1, 2, 4, 5, 7, 10, 11, 12, 14 and 18 [ 17 , 29 , 30 ] . Unsurprisingly, virtually all the NOD altered genes identified in the current study are located on these chromosomes ( Tables 1 -4 ) . Strikingly, a large number of these genes lie within known diabetes susceptibility regions ( Tables 1 -4 ) . Linkage / congenic studies have provided evidence for the presence of NOR resistance genes on Chr1 ( Idd5.2 ), Chr2 ( Idd13 ) and Chr4 ( Idd9 / 11 ), and potentially on Chr11 [ 15 -17 , 30 ] . However, several studies also suggest that genes in other genetic regions distinguishing NOR from NOD may also act interactively with genes in these loci to protect NOR mice from autoimmune diabetes [ 5 , 10 , 30 ] , thus providing further support Table 3 Genes differentially expressed in CD4 T-cells from 3 week-old NOD mice (continued from for the significance of investigations at the whole cellular or molecular systems level. In further support for whole molecular systems studies, F2 segregation studies and subsequent subcongenic analyses have found that Idd13 (Chr2) and Idd9 / 11 (Chr4) each consist of multiple genes that contribute to NOR resistance [ 10 , 16 , 17 , 30 ] . Our study revealed that a total of 26 different NOD CD4 T-cell altered genes lie within Idd13 , including 6 (Bloc1s6, Trp53bp1, Tmem87a, Ctdspl2, Gatm and Raly) that were common to the 3 ages studied ( Tables 1 -4 ). Interestingly, two central genes in the IPA networks, Bcl2l1 and Src ( Table 8 ) , also lie within this locus. Bcl2l1 is linked to 3 genes, Galnt10, Rtn4 (reticulon 4) and Pnpt1 (polyribonucleotide nucleotidyltransferase 1) that are located on Chr11, while Src is linked to 2 genes, Paqr7 (progestin and adipoQ receptor family member VII) and Khdrbs1 that are located on Chr4. Of note, Khdrbs1 is located within a known Idd9 / 11 (discussed below) while the 3 Bcl2l1 linked genes and Paqr7 are not located within a known Idd , and thus may Chr5). Genes highlighted in bold font were differentially expressed at all 3 ages, 2, 3 and 4 weeks. One-way ANOVA ( p < 0.005, Benjamini-Hochberg) of mRNA expression data followed by hierarchical clustering identified 58, 115, and 65 probe sets at 2, 3 and 4 weeks, respectively, whose expression was altered in CD4 T-cells from NOD mice compared to two control strains (NOR and C57BL / 6). The lists of differentially expressed genes were analyzed in WebGestalt ( http: // bioinfo.vanderbilt.edu / webgestalt ) for enriched KEGG pathways using the hypergeometric test ( p < 0.01, Benjamini-Hochberg). Pathways represented by ≥2 genes are shown. Pathways or genes indicated in bold font were common to the 3 age groups.
Table 7
Transcription factor binding sites enriched in the promoters of CD4 T-cell NOD altered genes. One-way ANOVA ( p < 0.005, Benjamini-Hochberg) of mRNA expression data followed by hierarchical clustering identified 58, 115, and 65 probe sets at 2, 3 and 4 weeks, respectively, whose expression was altered in CD4 T-cells from NOD mice compared to two control strains (NOR and C57BL / 6). The lists of differentially expressed genes were analyzed for enriched transcription factor binding sites in their promoters by using the PRIMA software of the EXPANDER suite ( p < 0.05). Binding sites or genes indicated in bold font were common to the 3 age groups. ISRE -interferon sensitive response elements.
Fig. 2.
Molecular network generated by ingenuity pathway analysis (IPA) from the dataset of 2 week-old mice. The merged network was generated from the list of genes differentially expressed in CD4 T-cells from 2-week old NOD mice compared to both control strains (NOR and C57BL / 6). The list was selected from the hierarchical cluster of 362 genes that had highly significant ( p < 0.005, Benjamini-Hochberg) expression differences between strains at 2 weeks of age. The genes derived from our uploaded gene list (known as focus genes) are represented by gray icons while genes (or endogenous chemicals) derived from the IPA knowledge base that could be algorithmically connected to the focus genes are represented by white icons. Different shapes of the symbols represent the different classes of genes / molecules, e.g. squares = cytokines / growth factors; ovals = transcription factors, etc.
define novel T1D susceptibility loci. These results attest to the utility of molecular network analyses in identifying novel Idds or genes not in known Idds that could act interactively upstream or downstream of Idd regions to contribute to diabetes development. The role of these genes needs to be confirmed in future studies. Several groups have determined that resistance genes in Idd9 / 11 (Chr4) regulate the diabetogenic activity of CD4 T-cells [ 5 , 10 , 18 , 19 ] . Interestingly, two of the NOD altered genes (Khdrbs1 and Ptp4a2) lie within Idd9 / 11 , with Khdrbs1 (an adaptor protein involved in signal transduction cascades of several receptor systems, including T-cell signaling) being common to all 3 ages. In support of possible involvement of interaction of genes on several genetic regions in suppressing the diabetogenic activity of NOR CD4 T-cells, Chen et al. [ 5 ] reported that CD4 T-cells from NOR mice were somewhat more protective against diabetes than CD4 Tcells from NOD mice congenic for just the NOR-derived Idd9 / 11 . Our study provides support suggesting that resistance genes within Idd13 (and their downstream genes) may act interactively with those in Idd9 / 11 (and possibly in unidentified Idd on Chr11) to regulate the diabetogenic activity of CD4 T-cells. In addition to the NOD CD4 T-cell altered genes discussed above, several other altered genes also lie within Idds ( Tables 1 -4 ). All (except Idd5.4a / 5.4 ) have been identified as conferring resistance to diabetes ( http: // www.t1dbase.org ). An interesting family of genes highlighted is the tripartite-motif (Trim) family. Compared to the leukocyte study, the current study expanded the list of Trim family members. These genes, whose expression was repressed in NOD mice, with that of Trim5 / 12c and 12a virtually undetectable, all lie within Idd27 on Chr7. Trim proteins, which bear several domains, including three zinc-binding domains, constitute a family of ∼60 molecules with diverse biological functions, including regulation of inflammation and innate immunity [ 31 , 32 ] . The order of the domains is conserved throughout evolution supporting a common molecular property for these proteins. We propose that one (or several) of the Trim family members identified in our studies may play an important role in immune cells in initiation of autoimmune diabetes. To this end, Trim21, a gene that for a long time has been implicated in human autoimmune diseases Sj ögren ' s syndrome and systemic lupus erythematosus, in which patients exhibit Trim21 autoreactivity [ 33 ] , has been reported recently to regulate the innate immune response to intracellular dsDNA [ 34 ] . Another Trim (Trim28) has also been reported recently to be involved in the global regulation of CD4 T-cells [ 35 ] . Mice with a conditional T cell-specific deletion of Trim28 had a spontaneous autoimmune phenotype characterized by mononuclear tissue infiltration and altered cytokine balance leading to nonfunctional T regulatory cells (Tregs).
Thus, the present study provides new insights into the genes / pathways in CD4 T-cells that collectively might play a role in diabetes development -resistance in NOR mice or susceptibility in NOD mice.
The BCL2L1 pathway and the genes within Idd13, Idd9 / 11 and Idd27 that are altered at all 3 ages (Pldn, Trp53bp1, Tmem87a, Ctdspl2, Gatm, Raly, Khdrbs1, and Trim12a and Trim5 / 12c) make particularly interesting candidate genes / pathways as they most likely represent basic genetic defects in the NOD mouse. While our study has highlighted prime candidate genes, future studies will confirm which of the NOD altered genes and / or their interacting partners or regulators act interactively to effect the diabetogenic activity of NOD CD4 T-cells. In our lab, we are investigating the genetic loci underlying the expression of the altered CD4 T-cell molecular network to define key regulatory loci.
The majority of the CD4 T-cell NOD altered genes were repressed, a Genes that came from the list of NOD altered genes. The connections to each gene (i.e. edges representing gene-gene relationships) in the molecular networks were manually counted. The central genes were then ranked from highest to lowest based on the number of total connections; the total # of connections represents the initial # of edges prior to editing of the networks for better image visibility. The table shows the 15 topmost central genes and their immediately connected focus genes. b BCL2L1 and SRC are located within the diabetes resistance region Idd13 (Chr2); BCL2L1 linked NOD altered genes (GALNT10, RTN4 and PNPT1) are all located on Chr11 (not in a known Idd) while SRC linked genes (PAQR7 and KHDRBS1) are both located on Chr4 (KHDRBS1 within the CD4 T-cell diabetogenic activity region Idd9 / 11 while PAQR7 is not in a known Idd). Central or focus genes / molecules indicated in bold font were common to all 3 age groups. N / A -not applicable.
similar to the results of the spleen leukocyte study [ 25 ] and supported by many other studies in both mice and humans [ 36 -42 ] . Kodama et al. [ 36 ] reported global repression of genes in various tissues of NOD mice (including spleen cells) in comparison to NOD.B10 controls, a strain in which the NOD MHC haplotype is replaced with that from the nondiabetic B10 mice. Liston et al. [ 37 ] also found a global dampening in gene expression in NOD thymocytes of the genes involved in T cell negative selection. They identified several differentially expressed type 1 diabetes candidate genes, among them four genes (Ly6c, Prim2, Trim12, and Trim30) whose expression was also dampened in our study, thus providing supporting evidence for possible involvement of these candidate genes in CD4 T-cells as well. Heinig et al. [ 38 ] , in a systems-genetics study investigating rat tissues and macrophages and human monocytes, discovered that the IRF7-driven inflammatory network (which is enriched for innate immune response genes) is associated with type 1 diabetes risk. Interestingly, homologs of 9 of the genes belonging to this network (Lcp2, Oas1a, Rtp4, Ifit1l, Ifit1, Ly6c1, Ifit3, Sp110, and Trim21) were also repressed in NOD mice, suggesting a similar network may also be altered in CD4 T-cells of NOD mice and might contribute to diabetes development in the mouse. Similarly, in human T1D studies, Elo et al. [ 39 ] found early suppression of immune response gene expression in whole blood samples of children in the prediabetic phase who eventually developed clinical diabetes. Furthermore, Orban et al. [ 40 ] also found repression of all genes that were differentially expressed in whole untreated human peripheral blood CD4 T-cells from new onset T1D patients, including genes involved in key immune functions, such as adhesion molecules lymphocyte function-associated antigen 1 (LFA-1) and P-selectin. Of note, L-selectin (the mouse homolog of P-selectin) was also of significantly lower expression in NOD compared to C57 ( p = 3.2e-06 and 0.0065 at 3 and 4 weeks, respectively). Functional analyses by Orban et al. further indicated that the CD4 T-cells were hyporesponsive to stimulation and exhibited inhibition of cell cycle entry. In as much as the Orban et al. microarray study investigated whole untreated CD4 T-cell populations rather than antigen specific suggests that the observed expression defect involves the polygenic CD4 Tcell population, and thus may signify a global CD4 T-cell repression.
In support of this notion, other studies have also showed that CD4 T-cells from T1D patients have impaired activation (decreased proliferation) to non-specific primary but not diabetes-specific antigens [ 41 ] . It is worth noting that the human studies cited above used peripheral blood samples providing further support for the potential usefulness of CD4 T-cells from spleen (a peripheral organ) in yielding results that may be of relevance to T1D. Thus, future studies can test whether human peripheral blood cells (which are readily accessible) carry similar defects as those detected in our spleen CD4 T-cell study. Similar to the study by Orban et al., we also investigated whole untreated CD4 T-cells rather than antigen specific T cells. The frequency of T cells with a given antigen specificity is usually very low, estimated to be in the range of 1 or fewer in every 20,000 cells [ 40 ] . Therefore, we argue that the defect detected in our study also involves polygenic CD4 T-cells and is likely a basic genetic defect, in the least for those changes that were observed at all 3 age points. We cannot rule out the possibility that the differences observed, especially the age-specific differences, may be due to influences other than genetic defects, e.g. activation of islet specific CD4 T-cells, especially at 4 weeks of age. However, to this end, evaluation of our expression data revealed no evidence of an activated phenotype in NOD mice, suggesting that the changes in the gene expression may not be attributed to auto-reactive cells. For example, expression of two activation markers CD69 and CD38 was significantly lower in NOD (and NOR) compared to C57 ( p = 8.26e-05 and 0.0056, respectively, at 4 weeks). CD69 expression was particularly interesting in that it showed no significant difference between the three species at 2 weeks ( p = 0.19) but became highly significantly upregulated at 3 and 4 weeks in C57 (3-fold at each age, p = 4.57e-04 and 8.26e-05, respectively) compared to both NOD and NOR. Obviously this result was not reported in the "Section 3" as these types of changes were not the focus of this paper. Notwithstanding, it gives further support to the notion of a deficiency in T cell activation in the NOD mice, the effects of which NOR overcomes likely due to presence of resistance genes.
Whereas the idea of a generalized repression of the immune system may seem counterintuitive (since later stages of T1D are dominated by inappropriate activation of autoreactive T-cells), it may help explain previous observations that immunosuppression exacerbates autoimmune diabetes in NOD mice [ 42 ] while immunostimulation circumvents it [ 43 ] . Furthermore, it may not be surprising that relative reduction of gene expression was seen at the early stages studied here, at which time tolerance would be induced. Of note, tolerance to self antigens requires the activation of self-reactive lymphocytes and their elimination by apoptosis as a result of this activation. Furthermore, elimination of self-reactive lymphocytes in the periphery also requires activation of the regulatory mechanisms (such as regulatory T cells). Thus, both central and peripheral tolerances are active processes that require normal mitochondrial and metabolic function. Our gene Ontology and KEGG Pathway analyses ( Tables 5 and 6 ), together with the leukocyte study [ 25 ] , provided evidence for defects in mitochondria, metabolism, antigen processing / presentation and T cell activation / function and immune response. Furthermore, our preliminary functional studies investigating the mitochondrial / metabolic defect found impaired mitochondrial potential in NOD spleen leukocytes. All these data, together with the literature discussed above, support the idea of a global immune repression, which may lead to the breakdown of self-tolerance in autoimmune diabetes. Indeed, a recent study, using a mouse model of spontaneous autoimmune arthritis [ 44 ] , suggested that efficient suppression of autoimmune diseases requires polyclonal regulatory T cell specificities rather than single antigen-specificities. Thus, we propose the following hypothesis. A genetic defect in metabolism / mitochondria results in a global repression of the immune system leading to a deficiency in immune tolerance, thus predisposing NOD mice to autoimmunity. Analysis of changes in gene expression and molecular pathways in NOD mice between different ages will shade further light on the defects that directly accompany initiation of insulitis, and subsequently development of diabetes. Furthermore, the defects in antigen presenting cells (such as B cells, macrophages and dendritic cells) may synergize with defects in the regulatory and effector T-cells to create dyshomeostasis in the early stages of autoimmune diabetes. Thus, investigation of the APC cell subsets is also warranted to provide a more comprehensive picture of the molecular pathophysiology of autoimmune diabetes.
The promoter and molecular pathway analyses ( Tables 7 and 8 ) identified several factors that may play a role in regulating the above discussed defect. Several of these factors (Hnf4a, Ifng, Trp53, Myc, IL15, Tnf, Tgfb1, beta-estradiol, IL6 and Ar) were also identified by the spleen leukocyte study [ 25 ] indicating a strong involvement of the CD4 T-cells in the unfractionated immune cells. In addition, the current study identified novel regulators, including Interferon alpha / beta, Irf1, Irf7, ISRE, IL12, and Stat4. Type 1 interferons regulate 3 (Irf1, Irf7, ISRE) of the 4 transcription regulators identified in this study, suggesting a critical role for these cytokines in regulating gene expression abnormalities in NOD CD4 T-cells at the preinsulitis stage. Irf1 is well known to control immune response gene expression [ 45 ] and has been demonstrated to be an essential element (in addition to Ifng and IL12) in the differentiation of na ïve T cells [ 46 , 47 ] . Irf1 also functions as a transcription activator of the Tnf receptor and of genes induced by Ifng and type 1 interferons (including Irf7 and other ISGs) [ 45 ] . Together with the literature, our data provide support for a role for Irf1 in regulating self-tolerance in autoimmune diabetes. Overall, our study captured new information, which, combined with future confirmatory studies, will facilitate a CD4 T-cell systems-based understanding of autoimmune diabetes and could ultimately lead to the development of novel therapeutic strategies.
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